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Abstract
Polymer substrates are widely seen as a low-cost route to flexible circuits for systems incorporating displays, sensing functions
and transistors. To date most polymer-based devices have involved passive components such as humidity sensors, constructed
using metals and additional organic layers. The starting point of the study described here, is whether more advanced components
incorporating functional materials can be integrated into devices on polymer substrates. An understanding will be required of the
material factors that limit performance and, if possible, techniques developed to circumvent them so that their performance can
be compared to that of standard silicon-based components.
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1. Introduction
Organic electronics is a fast developing branch of modern science and technology that can complement the
conventional inorganic materials based technology providing for example lightweight, inexpensive and
mechanically flexible organic semiconductors. Polymer substrates are also being intensively investigated for a range
of applications on account of their flexibility and compatibility with organic light emitting diodes, lasers and
transistors1. However, to date there has been limited consideration or investigation of the suitability or advantages of
polymer substrates for mobile communication components or sub-systems. In this study we investigate the processes
for the direct integration of thin film bulk acoustic wave resonators (FBARs) on liquid crystal polymer (LCP)
substrates.
LCP is attractive for high frequency microwave circuits because of its low dielectric loss, low water absorption
(<0.04%), chemical resistance and high temperature capability up to 300ºC. FBAR is an important component that
when combined in series and parallel combinations forms duplexer filters which have the function of separating
transmitting and receiving channels in mobile communication systems2. Furthermore FBAR, which is similar to the
more familiar bulk acoustic quartz resonators but scaled down in thickness so that it can operate at higher
frequencies, can be used as a gravimetric sensor with high sensitivity.
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MEMS micro-switches have been fabricated on LCP3 as well as some simple sensors4. However, FBAR differs
from these devices in that a piezoelectric thin film layer is part of the device and consists, in its simplest form, of a
piezoelectric layer sandwiched between metal electrodes forming a free-standing membrane. Device operation
depends on the rapid change of electrical impedance which accompanies the mechanical resonance of this
membrane. Previous studies have shown thin film AlN and ZnO to be the materials of choice for FBAR with the
capability, under optimised deposition conditions, of giving the highly c-axis oriented small grained columnar
microstructure which is ideal for high-Q FBAR devices. For FBARs fabricated on silicon substrates it has been
demonstrated that the smoothness of the underlying metal layer plays a crucial role in determining the quality of the
piezoelectric layer with more highly oriented material being obtained with decreasing metal layer roughness5.
Consequently, as a preliminary to our study into the feasibility of fabricating FBARs on LCP substrates we have
investigated the roughness of LCP to determine whether it can be made suitable for the growth of high quality
piezoelectric layers. The difficulties of carrying out the standard lithographic patterning techniques on flexible
substrates have also been addressed and processes developed enabling fabrication of the first devices.
2. LCP Substrates
ULTRALAM®3000 Series Liquid Crystalline Polymer Circuit Materials (Rogers Corporation) was used in this
study. It is supplied in two forms both of which were investigated: ULTRALAM®3850 (LCP3850), a double-clad
copper laminate developed for single layer and multilayer substrate construction and ULTRALAM®3800
(LCP3800), a single foil without copper cladding. The 100μm thick LCP was supplied in 45cm x 30cm foils from
which smaller areas, generally 100mm diameter were cut. For the piezoelectric thin film growth studies and FBAR
fabrication the copper cladding was removed from one side of the ULTRALAM®3850 using ferrochloric acid
(FeCl3).
2.1. Characterisation of LCP
The surface roughness of LCP3850 after
removal of the Cu layer and LCP3800 was
assessed by atomic force microscopy (AFM)
and significant difference between the two were
found with Ra values of 383nm and 41nm
respectively. Some idea of the widely different
surface topography can be elicited from the
AFM images shown in Fig. 1. Although the
LCP3850 is clearly much rougher, both LCP
types were considered too rough for the growth
of high quality ZnO nd the need for some means
of reducing the roughness was clearly indicated.
2.2. Chemical Mechanical Polishing of LCP substrate surface
Chemical Mechanical Polishing (CMP) was investigated as a means of reducing the surface roughness. In order
to undertake CMP it was necessary to develop a technique for attaching the flaccid LCP to a rigid substrate,
generally either Si or glass. Such a technique would also be useful for subsequent lithographic processing where a
rigid, flat substrate is also needed. In these latter processes temperatures as high as 120°C are used and so the search
for a suitable adhesive focused on materials such as black wax and AZ4562 photoresist that could withstand such
temperatures. Following application of adhesive layers to both wafers the bonding process consists of pressing the
wafers together at a temperature just above the softening point of the adhesive and two techniques were investigated
to do this. The first involved bonding the two substrates on a hotplate at 110ºC for 30min with a 20kg weight on
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Fig. 1, AFM scans of (a) LCP3850 surface after removal of the Cu layer, (b)
LCP3000
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top. This technique, however, did not give
good enough adhesion between the two substrates
due to the presence of voids. The second method
consisted in bonding the two substrates in a
home-made vacuum bonding jig in which the
wafers to be bonded are placed in a flexible
vacuum chamber so that on pumping down they
are pressed together by atmospheric pressure. The
chamber was pumped down for 15 min to
exclude air and the jig then placed on a hotplate
for another 15min at 110ºC. This, with the use of
black wax as adhesive, has eliminated interfacial voids and given the best adhesion so far. CMP was carried out
using a Logitech CDP51 machine with pad type FastPad PPG (IC-1000 analogue) and a colloidal alumina slurry
(Eminess Ultra-sol A12) dispensed at 20 ml/minute. Both platen and carrier speeds were set to 50 rpm and a down
force of either 3 psi or 5 psi was used for times up to 20 minutes. After polishing, the wafers were rinsed in distilled
water and then placed in an ultrasonic bath filled with DI water. Results for LCP3850 (see figure 2) showed that 2
minutes at 3 psi was insufficient to completely polish the LCP and an increase in time and pressure to 20 minutes
and 5 psi, respectively, were needed to achieve an acceptable polish with a Ra value of ~5 nm.
3. Growth of ZnO on LCP substrates
A preliminary study of the growth of thin film piezoelectric ZnO by RF magnetron sputtering in O2/Ar
atmosphere has been undertaken. Most applications, including FBAR, call for films grown on top of a metal
electrode and Au is a popular choice for ZnO. The growth conditions had previously been optimised for deposition
onto Au coated silicon substrates and these have been used here, the only variation being that no substrate heating,
apart from that resulting from the sputtering process itself, was used so as not to exceed the working temperature of
the adhesive ~150 ºC.
3.1. ZnO deposition and quality
ZnO films with thickness around 1m
were deposited on Au coated LCP substrates
- i) LCP3850 with the Cu cladding removed,
ii) the same material after part polishing -
and the roughness and surface morphology
of these was assessed by AFM and SEM. It
is found that although ZnO deposits on the
un-polished LCP the growth is clearly 3-
dimensional with a high density of
undesirable plate-like grains (see figure 3)
and so is not considered viable for device
applications. In contrast growth on the part
polished substrate is clearly 2-dimensional
with a much higher density of the desired
small columnar grains and an Ra of ~26 nm
which previous studies have indicated as
being typically observed for high quality
material. X-ray diffraction and rocking
curves of ZnO deposited on partly polished
LCP confirm preferred c-axis oriented films
can be deposited on smooth LCP. Low
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Fig. 2, AFM images of LCP3850 (a) part polished , (b) fully polished
(a) (c)
(b) (d)
Fig. 3, AFM and SEM images of ZnO deposited on Au coated LCP3850: (a) (b)
un-polished, (c) (d) part-polished
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frequency electrical measurements (1 to 300 KHz) indicate that the ZnO has low loss and a dielectric constant in the
range 7 to 9.
4. FBAR-on-LCP processing
Some development to existing processes to accommodate the use of a flexible substrate has enabled fabrication
of the first FBARs: a schematic cross-section through a completed device is shown in figure 4. Initial FBAR
processing on LCP involves the pre-processing steps of rigid substrate backing and CMP as described earlier. This is
followed by standard photolithographic
front-face processing and front-to-back
alignment which enables back-face
patterning. Deep reactive ion etching
(DRIE) is used to etch through the
500μm thick silicon down to the Cu
which is then itself etched in FeCl3. The
final step is to remove the LCP using
standard reactive ion etching (RIE) in
oxygen plasma.
5. Conclusions
The two main limitations of LCP as a substrate for microwave acoustic devices have been addressed: its lack of
rigidity which prevents conventional wafer processing and its as supplied surface roughness which prevents growth
of high quality piezoelectric films. Techniques have been developed to attach the LCP to a rigid substrate and to
reduce surface roughness and these have enabled fabrication of the first ZnO based FBAR devices used as a
technology demonstrator. However, some refinement to these techniques is still required to in order to achieve state-
of-the-art device performance.
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Fig. 4, Schematic of FBAR-on-LCP (a) and processed front surface (b)
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